Deficits begin distally in the LV and may extend proximally. Paradoxically, however, absolute HED retention is increased in the proximal segments of the severe CAN subjects consistent with regional "hyperinnervation." These regions also exhibit abnormal blood flow regulation. Impaired myocardial MIBG uptake correlates with altered LV diastolic filling and myocardial electrophysiological deficits and is predictive of sudden death. Scintigraphic studies have provided unique insights into the effects of diabetes on cardiac sympathetic integrity and the pathophysiological consequences of LV sympathetic dysinnervation. Future studies using complementary neurotransmitter analogues will allow different aspects of regional dysfunction to be characterized with the aim of developing therapeutic strategies to prevent or reverse CAN. 9 
INTRODUCTION C

ARDIOVASCULAR
AUTONOMIC NEUROPATHY (CAN) commonly complicates diabetes with widespread adverse clinical consequences, including refractory postural hypotension, 1 peripheral edema and neuropathy, 2 and enhanced cardiac mortality. [3] [4] [5] Indeed, CAN has been invoked in sudden cardiac death even in diabetic subjects without myocardial ischemia. [3] [4] [5] [6] [7] Historically, the diagnosis of CAN has been performed utilizing cardiovascular reflex tests as-sessing heart rate variability (HRV). 8 Abnormalities of cardiovascular reflex testing can be identified in 16-20% of diabetic subjects, [8] [9] [10] [11] [12] [13] [14] but symptoms of autonomic dysfunction are much rarer. 15, 16 CAN may be broadly categorized into sympathetic and parasympathetic components, both of which are affected by diabetes. Cardiovascular reflex assessments are particularly sensitive at detecting abnormalities of parasympathetic function, 14 but are less useful for the characterization of sympathetic deficits, which may only become evident when quite advanced. Additionally, the utility of reflex tests of autonomic integrity is limited by their inability to directly characterize autonomic dysfunction, which is necessary to determine the pathophysiological consequences of CAN. Since in diabetes complicated by CAN, the highest mortality rates appear to correspond to advanced deficits of cardiovascular sympathetic innervation, 3 a technique for direct quantitation of cardiac sympathetic deficits is highly desirable.
Recently, scintigraphic techniques have emerged as important tools to directly assess cardiac autonomic integrity. Scintigraphic assessment of cardiovascular autonomic integrity is limited to the sympathetic component in part because of the relative sparsity of myocardial parasympathetic innervation. Direct assessment of cardiac sympathetic integrity in man has become possible with the introduction of radiolabeled analogues of norepinephrine (NE), which are actively taken up by the sympathetic nerve terminals of the heart. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] These tracers are taken up into the neuron by energydependent uptake-1, 27, 28 are nonmetabolized, and therefore identify the location of functioning sympathetic nerve terminals. Quantitative scintigraphic assessment of the pattern of sympathetic innervation of the human heart is possible with either [ 123 I]-metaiodobenzylguanidine (MIBG) or [ 11 C]-hydroxyephedrine (HED). These techniques may offer greater sensitivity to detect subtle degrees of CAN than is possible by reflex testing, and have emerged as useful tools to characterize the effects of diabetes on myocardial sympathetic innervation.
This article summarizes the results of studies using these tracers in patients with diabetes, which have thrown new light on this poorly understood chronic complication. These studies have characterized the pattern of cardiac dysinnervation complicating diabetes, highlighted the importance of glycemic control in the development and/or progression of CAN, and have offered insights into the potential effect of CAN on myocardial electrophysiology, blood flow regulation, and function.
METHODS
Scintigraphic characterization of cardiac sympathetic integrity
MIBG. Radiolabeled analogues of NE have been designed to closely mimic the neuronal kinetics of NE. 28 NE undergoes highly efficient and dynamic recycling in the heart. NE is released exocytotically from neuronal vesicles into the interstitium, is retaken up into the neuronal cytoplasm by the uptake-1 transporter and then is either degraded by monoamine oxidase (MAO) or undergoes reuptake into neuronal vesicles. 28 The first radiotracer developed for clinical studies of cardiac sympathetic integrity (and still the most widely utilized) is MIBG, 29-31 a guanethidine derivative. This tracer is taken up into the postganglionic presynaptic sympathetic nerve terminals, stored in synaptic vesicles and is not metabolized by MAO. 28 The specificity of MIBG for the sympathetic nerve terminals has been demonstrated in animal models, since myocardial MIBG retention, is dramatically reduced by disruption of sympathetic integrity by procedures such as the epicardial application of phenol, [32] [33] [34] administration of 6-hydroxydopamine, 30, 32 or myocardial infarction. 32, 35 Decreased MIBG retention correlated with reduced myocardial NE content 30, 32, 33 and disruption of electrophysiological responses. 34 In humans, myocardial MIBG retention is markedly reduced in the denervated, transplanted heart 32,36 consistent with a neuronal localization. However, important quantitative differences in the kinetics of MIBG have emerged compared to NE 30, 37, 38 suggesting that both nonspecific tissue uptake and washout may be increased. 31 Despite the abundance of clinical studies utilizing this compound, the intraneuronal distribution of MIBG is relatively poorly characterized and may dif-fer across species. Reserpine (a blocker of vesicular NE uptake) for example, decreases the retention of MIBG in dog adrenal glands, suggesting a predominant intravesicular storage site. 29 In rats, however, 50% of MIBG may reside in a nonneuronal compartment. 39 The precise intraneuronal localization of MIBG in man is unclear.
The methodology for the quantitation of myocardial MIBG retention varies between different laboratories. [ 123 I]-MIBG is injected intravenously and single photon emission computed tomography (SPECT) commenced shortly postinjection using a gamma camera with a large field of view. Typically, imaging starts at a 45°right anterior oblique position and proceeds counterclockwise at 6°incre-ments over 180°circular orbit (60 sec/step). The SPECT study is repeated 2-4 h after tracer injection, prefiltered and then transaxial tomographic images reconstructed by filtered back projection. Horizontal and vertical long axis sections and short axis slices are generated. 19 A semiquantitative analysis involves scoring images by blinded observers using a scoring system for each segment, which typically ranges from absence of detectable tracer to normal tracer retention and a "defect score" obtained.
HED.
More recently, the radiotracer [ 11 C]-HED ([a N-[ 11 C]methyl-metaraminol) has been developed as a NE analogue for PET. 21, 27, 40 This tracer shares many of the kinetic properties described above for MIBG in that it undergoes highly specific and rapid uptake into the neuron by energy-dependent uptake-1 and is nonmetabolized. 28 Retention of [ 11 C]-HED in the heart is dependent upon continuous recycling into and out of the neuron 27, 28 and neuronal retention requires intact vesicular storage. Nonneuronal [ 11 C]-HED retention is low, and its extraction from blood to the neuronal axoplasm very high 28 suggesting that its retention in the myocardium reflects the presence of intact neuronal terminals. Compared to MIBG, cross-species tracer kinetics may be more uniform. In the rat and canine heart for example, pharmacological inhibition of neuronal uptake-1 with desipramine or inhibition of vesicular storage with reserpine produces a .90% reduction of tracer retention, 27, 28 indicating the high specificity of this tracer for neuronal binding sites. [ 11 C]-HED has been extensively evaluated in diabetic patients, 17, 21, 24 and in subjects whom have suffered neuronal loss secondary to ischemic heart disease. 41 In the transplanted human heart, studies using [ 11 C]-HED have demonstrated increased tracer retention in the proximal anterior wall which correlated with presence of axons on histological assessment 42 and with increased coronary blood flow in response to sympathetic activation, 42 thus confirming the neuronal specificity of HED-PET and its ability to quantitate regional sympathetic reinnervation. However, this tracer also has important limitations, since its very rapid uptake from the interstitium to neuronal axoplasm by uptake-1 results in highly flow dependent tissue uptake and difficulty in quantitation of the uptake-1 component of tracer kinetics using compartmental modeling. 28 Evaluation of myocardial retention of [ 11 C]-HED can be performed semiquantitatively or quantitatively. Cardiac PET imaging is performed using , 20 mCi [ 11 C]-HED and 20 mCi [ 13 N]-ammonia over 60 min. 21, 24 Fifteen contiguous transaxial images (oriented perpendicular to the sagittal and coronal planes of the body) with a slice thickness of 6.75 mm can be obtained. Following a 15-min transmission study, tracer is injected intravenously and data acquired dynamically in frame mode to deter-mine tracer activity in both the blood and myocardium. 21, 24 After waiting 1 h for the 11 C decay after the end of data acquisition, resting myocardial perfusion is evaluated using [ 13 N]-ammonia. Emission data are attenuation corrected and reconstructed using filtered back projection. Images are realigned perpendicular to the long axis of the LV yielding eight short axis views (slice thickness of 0.8 cm) of myocardial tracer distribution extending from the apex to the base of the LV.
The homogeneity of LV [ 11 C]-HED retention is assessed by performing circumferential count-profile analysis on each of the eight short-axis images. Each short-axis slice is divided into 36 angular regions of interest ("sectors") and the myocardial concentration of [ 11 C]-HED in each sector is determined. Regional variation of myocardial retention of [ 11 C]-HED is assessed by dividing the mean PET counts in each of the sectors by the value found in the sector containing the maximum mean PET counts. These normalized [ 11 C]-HED retention data are displayed as polar coordinate maps of relative tracer activity. The map can divided into nine regions as shown schematically in Figure 1 . In this map, the LV myocardium is depicted with the apex at the center, the distal LV segments (anterior, septal, inferior, and lateral) as the inner ring, and the corresponding proximal segments as the outer ring. The heterogeneity of regional LV [ 11 C]-HED retention in each diabetic patient is compared to the normal reference distribution by calculating a z-score, z i 5 (q i 2 m i )/s i , where q i is the relative [ 11 C]-HED retention value in the ith sector value of the diabetic polar map, and m i and s i are the mean and standard deviations of the relative [ 11 C]-HED retention in the ith sector of the reference polar map. In the diabetic subjects, sectors that had a z-score greater than 2.5 can be defined as abnormal. Thus, the calculated z-scores represent a validated 21, 24 measure of the individual subject's myocardial tracer retention heterogeneity, with an increase of heterogeneity being consistent with distal left ventricular denervation. 21, 24 The "extent" of the heterogeneity can be expressed as the percentage of sectors in the polar map that are abnormal, i.e., z i . 2.5.
In order to quantify changes in regional myocardial uptake of [ 11 C]-HED, absolute [ 11 C]-HED retention in the proximal and distal LV myocardium can be measured using a "retention index" approach, 19 [ 123 I]-MIBG have been uptake reported in metabolically compromised newly diagnosed type 1 diabetic subjects which are partially correctable by intensive insulin therapy 23, 26, 50 and appear to be indicative of an hyperglycemia or insulin deficiency-induced acute neuronal dysfunction. Deficits of cardiac [ 11 C]-HED retention have been detected in 40% of diabetic subjects without CAN on reflex testing. 24 These deficits typically begin in the distal inferior wall of the LV and with more severe neuropathy, extend to involve the distal and proximal anterolateral and inferior walls (Fig. 2) . Comparison of the extent of abnormalities of [ 11 C]-HED retention with reflex measures of sympathetic CAN revealed that an abnormal Valsalva ratio or a systolic blood pressure fall in excess of 20 mm Hg, roughly corresponds with at least 40% of the left ventricle being denervated. 24 A beneficial effect of metabolic control on the development or progression of CAN should significantly improve the overall prognosis for diabetes. The relationship of metabolic control to progression of abnormalities of autonomic function has been unclear. Improved metabolic control as been reported to slow the progression of HRV deficits in type 1 diabetic patients in some studies [51] [52] [53] [54] but not in others. 55 This variability could reflect a number of factors including inadequacy of glycemic control, insufficient study duration, too advanced CAN or the insensitivity of the cardiovascular autonomic function tests utilized. A recent scintigraphic study using MIBG-SPECT demonstrated that poor glycemic control resulted in the progression of LV sympathetic dysinnervation, which can be prevented 25 by the institution of near-euglycemia. We also performed a 3-year prospective, observational study evaluating the effects of diabetes control on small deficits of LV sympathetic innervation in type 1 diabetic subjects. 56 All the subjects had small deficits of cardiac sympathetic innervation at baseline, affecting typically less than 10% of the left ventricle (Fig. 3) . One group of subjects continued to have poor diabetes control, with an average HbA1c above 9% over the three years. The second group achieved tight diabetes control with a mean HbA1c of just below 7%. With good diabetes control, the extent of the [ 11 C]-HED retention deficit seen became significantly smaller. In contrast, there was a threefold increase in the extent of the deficit with poor diabetes control (Fig. 3) . Thus quantitative scintigraphic imaging techniques such as HED-PET and MIBG-SPECT have confirmed the importance of glycemic control in the development, progression or reversal of myocardial sympathetic dysinnervation.
In diabetes, LV sympathetic dysinnervation may contribute to enhanced cardiac risk. [3] [4] [5] [6] [7] 57 Overall, a 5-year mortality approaching 30% 4, 58 has been observed in diabetic patients with a spectrum of severities of CAN with the highest mortality rates observed in subjects with advanced deficits of cardiovascular sympathetic innervation. 3 Diabetic patients have increased mortality postmyocardial infarction, 57 which may reflect the extent of coronary artery disease or increased susceptibility to other triggering factors, 59 including autonomic imbalance. Impaired retention of sympathetic neurotransmitter analogues consistent with neuronal dysfunction or loss has been reported in patients with malignant ventricular dysrhythmias both in the absence 59, 60 or presence 35 of ischemic heart disease. Decreased [ 123 I]-MIBG retention has been found in subjects with silent 20, 61, 62 or symptomatic 62 myocardial ischemia. These lesions are usually situated in the inferior and posterior LV segments. 19, 22, 44, 45 Abnormal myocardial [ 123 I]-MIBG uptake has been reported in subjects with altered LV diastolic filling, 19, 63 and correlated with myocardial electrophysiological abnormalities involving the QT interval 64 and QT dispersion. 46 Impaired retention of LV [ 123 I]-MIBG in diabetic subjects is also predictive of sudden death. 65 Quantitative regional analysis of LV sympathetic innervation using HED-PET has revealed a pattern of dysinnervation, which may predispose to myocardial electrical instability. Absolute [ 11 C]-HED retention has been reported to be increased by , 30% in the proximal segments of the severe CAN subjects when compared to the same regions in mild CAN or CAN-free subjects 24 (Fig. 4) . Despite the increase of tracer retention, no appreciable washout of tracer is observed in the proximal segments, consistent with normal regional tone but increased sympathetic innervation. Distally, [ 11 C]-HED retention is decreased in se-vere CAN by , 30% when compared to the CAN-free diabetic subjects. 24 Therefore, a considerable gradient of cardiac sympathetic innervation occurs in the LV of CAN subjects, a pattern likely to be electrically unstable. Moreover, in CAN subjects on adenosine stress, global coronary flow reserve (CFR) was decreased by over 50% compared to the CAN-free diabetic and nondiabetic control subjects, with the maximal impairment of CFR being observed in the innervated proximal myocardial segments. 17 Cold pressor testing (application of an ice pack to produce sympathetic activation) has also been used to explore endothelium-dependent myocardial blood flow regulation in diabetic subjects with and without CAN. On sympathetic activation, global myocardial perfusion increased significantly in the CAN-free diabetic subjects but decreased in the CAN subjects. 66 In CAN subjects, the paradoxical reduction in myocardial blood flow appeared restricted to the proximal innervated myocardial segments (Fig. 5) . These data suggest that myocardial neurovascular regulation is perturbed in CAN subjects and may contribute to enhanced cardiac risk.
DISCUSSION
CAN is a common complication of diabetes associated with significant morbidity and mortality. [3] [4] [5] [6] [7] Standardized reflex tests of autonomic function have demonstrated that deficits of sympathetic CAN are most predictive of increased mortality, 3 but the mechanisms of this enhanced risk are poorly understood. The development of scintigraphic imaging techniques has allowed direct visualization and quantitation of cardiac sympathetic integrity. Studies using radiolabeled analogues of NE have shown that regional LV sympathetic dysinnervation is a common complication of disease states such as diabetes and can rapidly progress with poor metabolic control. 25, 56 Deficits of regional myocardial innervation are associated with altered myocardial blood flow regulation, 17, 66, 67 which may contribute to regional electrical and chemical instability and malignant arrhythmogenesis. Future studies using scintigraphy will be aimed at characterizing the metabolic and functional consequences of regional LV denervation complicating diabetes, with the overall aim of reducing cardiac risk.
Radiolabeled analogues of NE which are actively taken up by the sympathetic nerve terminals of the heart permit direct and highly sensitive assessment of cardiac sympathetic integrity. Cardiac scanning with [ 123 I]-MIBG for example, has identified sympathetic denerva- tion in the majority of diabetic subjects with normal cardiovascular reflex testing, 18, 22, 48 with abnormalities of MIBG retention correlating with LV dysfunction. 19, 63 Studies using [ 11 C]-HED have confirmed that small (,10%) deficits of LV [ 11 C]-HED retention can be observed in diabetic subjects without CAN on reflex testing, 24, 56 but the percentage of subjects affected is less (, 40%) than is observed using MIBG. These small, metabolically correctable deficits, are observed selectively in the distal inferolateral wall of the LV. 26, 56 These could reflect different types of neuronal dysfunction including impaired neurotransmitter uptake, defective vesicular storage and/or complete neuronal loss. As CAN advances, the retention of [ 11 C]-HED in the LV is remarkably heterogeneous since as the extent of the distal deficits increase, 24 tracer retention becomes paradoxically increased in the proximal myocardial segments consistent with proximal hyperinnervation. The etiology of increased tracer retention in these proximal segments is unknown. Potentially, increased tracer retention could result from mechanisms including; increased axonal regeneration and sprouting (as has been observed in the diabetic peripheral somatic nerve) 68 ; reduced sympathetic tone leading to decreased NE release (although little neuronal [ 11 C]-HED wash out is observed during the time frame of the imaging periods utilized 24, 28 or increased tracer delivery (differences in resting regional perfusion have not been detected in CAN subjects). Detailed tracer kinetic studies together with histological examination of the myocardium is required to address these possibilities.
Scintigraphic techniques have shed new light on the relationships of metabolic control to deficits of cardiac sympathetic innervation. 25, 26, 56 The reversal of widespread abnormalities of myocardial MIBG uptake reported in newly diagnosed type 1 subjects, and the reduction of small deficits of LV [ 11 C]-HED retention with intensive insulin therapy 26, 50, 56 parallel the improvement of the low and high frequency components of spectral analysis in subjects with early CAN. 69 These data are consistent with a reversible hyperglycemia or insulin deficiency-induced acute neuronal dysfunction rather than neuronal loss. With continued poor metabolic control, deficits in 25, 56 and likely reflect structural neuronal damage. Additional studies are required to determine whether improved metabolic control alone, or in concert with therapeutic interventions can reverse these more extensive deficits. Reinnervation of the myocardium is a therapeutic possibility. Both HED-PET 42, 67 and MIBG-SPECT 70 have demonstrated increased tracer retention in proximal myocardial segments of cardiac transplant patients which correlated with presence of axons on histological assessment, 42 increased coronary blood flow in response to sympathetic activation, 42 and the release of myocardial NE. 42 Scintigraphic evaluation of cardiac reinnervation may therefore be considered a sensitive noninvasive surrogate for nerve biopsy that has been considered a "gold standard" (although invasive) end point in therapeutic clinical trials of patients with peripheral somatic neuropathy. 68 Although clinical studies in diabetic patients have extensively utilized either MIBG-SPECT or HED-PET, other 28 PHEN 71 and EPI 72 are highly neuronal selective, but unlike HED, are subject to degradation by MAO. EPI, although initially taken up into the neuron by uptake-1, is largely retained in the neuron by highly efficient vesicular storage, with very little washout. 28 The retention of EPI in rat heart is greatly decreased by pretreatment with reserpine (which inhibits vesicular uptake) 72 is not chased by desipramine (which inhibits uptake-1 transport), confirming the intraneuronal localization of EPI. 28 This tracer may be particularly well suited to the study of vesicular integrity. PHEN is also rapidly taken up into the storage vesicles, but is less efficiently retained, since desipramine only marginally increases the washout rate from the rat heart. 28 Since its washout from the nerve terminal is greatly increased by reserpine, and its retention enhanced by the MAO-A inhibitor clorgyline, 28, 71 this tracer may be well suited to the study of MAO activity. Thus the different kinetic properties of these tracers, affords a unique oppor- Recently scintigraphic techniques have been utilized in humans to better understand the relationships between myocardial innervation and blood flow regulation in diabetes. 17, 66, 67, 73 The integrity of myocardial sympathetic innervation has been determined by HED-PET and correlated with regional myocardial vascular responsiveness using [ 13 N]-NH3-PET at rest and after endothelium-dependent or endothelium-independent vasodilation in diabetic subjects with and without CAN. 17, 66, 67, 73 Diabetic subjects with CAN have been found to have elevated resting myocardial perfusion, 17 which is consistent with the resting tachycardia, and resultant increased myocardial oxygen requirements. No regional differences in resting perfusion were identified however, irrespective of the integrity of sympathetic innervation, which is consistent with studies in the experimentally denervated animal heart. 74, 75 After maximal vasodilation with adenosine, global CFR is decreased only in subjects with advanced CAN (who also frequently exhibited diabetic retinopathy and/or nephropathy 17 ), consistent perhaps, with the presence of myocardial diabetic microangiopathy 76, 77 (coronary artery disease was excluded in these subjects 17 ). Unlike the studies at rest, exploration of myocardial innervation/blood flow relationships in response to stress, have begun to yield some interesting correlations. In response to adenosine, for example, maximal impairment of vasodilatory capacity in CAN subjects is observed in the myocardial regions with persistent innervation. 17 On cold pressor testing, myocardial endotheliumdependent vasodilation is maximally impaired in subjects with sympathetic CAN, 66, 73 and myocardial perfusion may actually decrease in the regions of persistent sympathetic innervation 66 (Fig. 5) . Therefore these studies have revealed complex interrelationships between diabetes, myocardial innervation and blood flow regulation.
Altered patterns of myocardial blood flow regulation are beginning to emerge which may shed light on the mechanisms of enhanced cardiac risk complicating diabetes. The role of CAN in the development of enhanced cardiac risk complicating diabetes however remains controversial and as yet unproven. As discussed above, direct scintigraphic characterization of CAN has offered a unique opportunity to address this issue. Although CAN has been invoked in sudden cardiac death even in diabetic subjects without myocardial ischemia, 4, 5 CAN is frequently found in association with many established cardiovascular risk factors, 78 which makes problematic the attribution of the component directly attributable to CAN. A number of observations have suggested a role for CAN in advanced cardiac risk. In addition to observational longitudinal studies in which the highest mortality is observed in diabetic patients with symptomatic, sympathetic CAN, 3 a number of other observations have suggested a causal relationship. For example, decreased HRV has been shown to be an independent risk factor for mortality in subjects after myocardial infarction. 79, 80 In CAN, delayed cardiac repolarization and increased variability of ventricular refractoriness is associated with impaired sympathetic integrity and is correlated with QT interval lengthening. 64 An association between parasympathetic CAN and LV diastolic dysfunction has recently been reported in type 1 diabetic subjects. 81 Our studies using HED-PET have led us to propose a potential mechanism for enhanced cardiac risk complicating CAN. Sympathetic activation in the hyperinnervated myocardium may result in regional accumulation of NE. This will facilitate enhanced contractility and oxygen consumption, which in the presence of endothelial dysfunction and vascular smooth muscle hypersensitivity may precipitate regional vasoconstriction, increased intracellular calcium levels, and increased oxidative stress, resulting in regional myocardial instability (Fig. 6) . Conversely, the denervated myocardium may also be metabolically unstable. Denervation has been shown to down-regulate glucose transport, 82 and may further increase the dependence of the diabetic myocardium on free fatty acid utilization. Increased free fatty acid metabolism further impairs glucose oxidation and promotes myocardial energy deficits leading to apoptosis. 83, 84 Thus both the persistence of aberrant regional hyperinnervation as well as loss of sympathetic integrity could contribute to myocardial electrical instability complicating diabetes.
The recent emergence of scintigraphic techniques has revealed new insights into the effects of diabetes on myocardial innervation and blood flow regulation. Future studies with different tracers will allow further characterization of neuronal dysfunction complicating diabetes and improve understanding of the effects of diabetes on myocardial substrate metabolism. Interventional therapeutic studies will shortly be undertaken using HED-PET in order to assess the reversibility of sympathetic dysinnervation in diabetic subjects with advanced CAN.
